In its course of human infection, varicella-zoster virus (VZV) infects rarely dividing cells such as dermal fibroblasts, differentiated keratinocytes, mature T cells, and neurons, none of which are actively synthesizing DNA; however, VZV is able to productively infect them and use their machinery to replicate the viral genome. We hypothesized that VZV alters the intracellular environment to favor viral replication by dysregulating cell cycle proteins and kinases. Cyclin-dependent kinases (CDKs) and cyclins displayed a highly unusual profile in VZV-infected confluent fibroblasts: total amounts of CDK1, CDK2, cyclin B1, cyclin D3, and cyclin A protein increased, and kinase activities of CDK2, CDK4, and cyclin B1 were strongly and simultaneously induced. Cyclins B1 and D3 increased as early as 24 h after infection, concurrent with VZV protein synthesis. Confocal microscopy indicated that cyclin D3 overexpression was limited to areas of IE62 production, whereas cyclin B1 expression was irregular across the VZV plaque. Downstream substrates of CDKs, including pRb, p107, and GM130, did not show phosphorylation by immunoblotting, and p21 and p27 protein levels were increased following infection. Finally, although the complement of cyclin expression and high CDK activity indicated a progression through the S and G 2 phases of the cell cycle, DNA staining and flow cytometry indicated a possible G 1 /S blockade in infected cells. These data support earlier studies showing that pharmacological CDK inhibitors can inhibit VZV replication in cultured cells.
Varicella-zoster virus (VZV) is a member of the alphaherpesvirus family, causing chicken pox (varicella) upon primary infection and shingles (zoster) after reactivation from latency in ganglia. VZV shows a tropism for rarely dividing cell types, including differentiated keratinocytes, dermal fibroblasts, epithelium, neurons, and memory T cells (5) . These cell types are typically quiescent in their in vivo states, yet VZV productively infects them all. How this large DNA virus is able to replicate its genome in an environment inhospitable to duplication is poorly understood. Less is known about the interaction of VZV with host cells compared to other alphaherpesviruses, because it is tightly cell-associated in culture and synchronous, high-multiplicity infections are not feasible.
The involvement of cellular kinases in VZV replication has recently become a topic of interest. Casein kinases I and II (CK-I and CK-II) have been found to phosphorylate the VZV glycoprotein gE, which is hypothesized to aid in cell-to-cell spread of progeny (23, 30) . Glycoprotein gI was also shown to be phosphorylated by cyclin-dependent kinase 1 (CDK1) in vitro, and this phosphorylation was blocked by roscovitine, a specific CDK inhibitor (57) . Our group has previously shown that roscovitine prevented VZV replication in cultured cells; however, the inhibition of glycoprotein phosphorylation was not the only mechanism of action, since early and late gene expression were also blocked (51) .
CDKs are also involved in the replication of other herpesviruses. Herpes simplex virus type 2 (HSV-2), the causative agent of genital herpes, increases CDK2 activation, thus generating an environment conducive to DNA replication (26) . Schang et al., using pharmacological CDK inhibitors, showed that CDKs are required for herpes simplex virus type 1 (HSV-1) DNA replication and viral gene transcription (48) (49) (50) . Human cytomegalovirus (HCMV) has been shown to interact with cell cycle machinery by downregulating the pocket proteins pRb, p107, and p130, which leads to an S-phase-like environment in infected fibroblasts but blocks cellular DNA replication (11, 16, 46, 53, 54) . Paradoxically, cyclin B1/CDK1 activity, normally found in late-S and G 2 phases, is increased following HCMV infection and is sustained throughout viral replication, while infected cells maintain a 2N DNA content, indicating a G 1 /early-S state (47) . Conscripting the activity of cellular CDKs and perturbing their cyclic regulation appear to be common strategies among herpesviruses. Mammalian cell division is tightly regulated to avoid unscheduled or incomplete DNA replication. This regulation is primarily mediated by protein complexes each consisting of a regulatory cyclin and an enzymatic CDK. The three stages of the cell cycle are G 1 , S, and G 2 /M. G 1 is the preparatory stage when the cell readies itself for genomic replication and is typified by CDK4/cyclin D and CDK6/cyclin D activity (21) . These complexes phosphorylate the Rb family of pocket proteins (pRb, p107, and p130), resulting in release of the E2F transcription factor family members and subsequent cyclin E transcription (17, 22, 28) . CDK2 binds cyclin E, and this complex further phosphorylates pRb, resulting in a positive feedback loop of cyclin E transcription followed by ubiquitination and proteosomal degradation of cyclin E protein (1, 25, 31).
The cyclin A promoter is also under the control of E2F, so when CDK2/cyclin E activity fades, CDK2/cyclin A activity takes over (52) . This complex phosphorylates DNA replication machinery such as DNA polymerase ␣ and thymidine kinase (29) . CDK2 is then replaced by CDK1 (cdc2), which also binds cyclin A. CDK1/cyclin A is responsible for phosphorylating cdc6, causing its translocation out of the nucleus and thereby blocking new replication fork formation and genomic reduplication (32, 55, 56) . Following DNA synthesis, cyclin B1 transcription is upregulated, protein levels increase, and cyclin B1 forms a complex with CDK1 that phosphorylates nuclear lamin components, loosening the nuclear envelope (15, 41, 44) . This is a hallmark of the morphological changes occurring during the G 2 and M phases of the cell cycle. CDK1/cyclin B1 also phosphorylates Golgi proteins, including GM130, which is postulated to cause equal distribution of the organelle between daughter cells because of Golgi fragmentation (18, 34) . Cyclin B1 must be degraded by the anaphase-promoting complex (APC) before the cell can undergo mitosis and complete cytokinesis (31, 44) . Thus, particular CDK/cyclin complexes are active during each cell cycle phase.
We have previously shown that CDK inhibitors such as roscovitine and purvalanol inhibit VZV replication in cultured cells without directly inhibiting virally encoded kinases (35, 51) . This led to our hypothesis that CDKs inhibited by roscovitine are important for VZV replication and that their activity would be altered following VZV infection of nondividing cells. We sought to investigate the effects of VZV infection on a cell's complement of cell cycle proteins, proposing that the virus would upregulate cyclin protein expression and/or CDK activity when infecting quiescent cells. We found that following VZV infection of a nondividing cell culture model, CDK and cyclin expression were upregulated and kinase complexes were activated. These changes occurred concurrently with viral protein expression, implicating them in the viral life cycle. However, the expression and phosphorylation status of various cell proteins that inhibit or activate CDKs, as well as the substrates of CDKs themselves, could not explain the high level of CDK activity and cyclin expression in infected cells. The infected cells did not appear to replicate their cellular DNA, indicating that VZV blocked normal cell cycle progression while altering the intracellular biochemical composition to aid viral DNA replication and protein synthesis.
MATERIALS AND METHODS

Propagation of cells and virus.
Human foreskin fibroblasts (HFFs) (CCD1137Sk; American Type Culture Collection, Manassas, VA), used prior to passage 18, and MeWo cells (human melanoma cell line) were grown in Eagle minimum essential medium with Earle's salts and L-glutamine, supplemented with 10% fetal bovine serum (FBS; Gemini, Woodland, CA) and nonessential amino acids. All media and supplements were purchased from Mediatech (Washington, D.C.). The recombinant parental Oka strain (rPOka) (40) was stored at Ϫ80°C and grown on HFFs for up to 10 passages. Cell-associated VZV inoculum was used in all experiments.
Viral growth curve. HFFs were grown to confluence, as determined visually using an inverted microscope (200ϫ), and then cultured an additional 2 days to ensure quiescence. They were inoculated with VZV-infected HFFs showing more than 80% cytopathic effects (CPE) at a 1:10 ratio of infected to uninfected cells and allowed to settle for 2 hours. Cell monolayers were washed with phosphate-buffered saline (PBS) and overlaid with fresh medium. The first harvest was at this time point to calculate the initial number of infected cells. The monolayers were harvested with trypsin-EDTA each day postinfection for 7 days and resuspended in 10 ml of medium, and the titers were determined by standard infectious-focus assay as referenced, with the exception that melanoma cells were used instead of Vero cells (36) .
Flow cytometry. Confluent HFFs were released from contact inhibition by a 1:3 split into new flasks. Uninfected cultures were harvested every 2 hours postplating and fixed in ethanol for a total of 32 h as in reference 51, and mockor VZV-infected cultures were harvested 5 days postinfection (p.i.). Briefly, cell monolayers were trypsinized, fixed with 70% cold ethanol, and incubated with RNase A (Sigma, St. Louis, MO); DNA was stained with propidium iodide (PI; Sigma); and fluorescence from PI-DNA complexes was determined using an LSR II flow cytometer and analyzed using FACSDiva software (Becton Dickinson Information Systems, San Jose, CA). 2N DNA content was taken as cells in G 0/ G 1 , 4N as a G 2 cell population, and cells in between as being in S phase; all cells to the left of the G 1 peak were analyzed as sub-G 1 . Percentages of cells expressing VZV proteins were compiled using the same fixation method, followed by permeabilization with Triton X-100 and staining with antisera to VZV (generously provided by Ann Arvin, Stanford University) and fluorescein isothiocyanate-conjugated antihuman antibody prior to PI staining. Negative controls included unstained cells and cells stained with only secondary antibodies.
Immunoblotting. Monolayers were scraped into ice-cold RIPA buffer (50 mM Tris-HCl, pH 7.4; 1% NP-40; 150 mM NaCl; 1 mM EDTA; 1 mM Na 3 VO 4 ; 1 mM NaF; supplemented with protease inhibitor tablets [Roche, Indianapolis, IN]), lysed by rocking at 4°C, and clarified by centrifugation at 14,000 ϫ g for 15 minutes. The supernatants were frozen at Ϫ20°C. Proteins were also extracted from intact cells using sample buffer (166 mM Tris-HCl, pH 6.8; 7% sodium dodecyl sulfate [SDS]; 0.3% bromophenol blue; 33% glycerol; 0.3 M dithiothreitol) in parallel cultures to ensure complete disruption of cellular components as in reference 6; the extraction methods gave reproducible and similar results (data not shown). Protein concentrations of RIPA extracts were measured using the Bradford assay (Bio-Rad Laboratories, Hercules, CA) (7). Equal amounts of proteins were electrophoretically separated on 12% SDS-polyacrylamide gel electrophoresis (SDS-PAGE) gels (6% gels for pRb, p107, and p130), transferred to polyvinylidene difluoride membranes, and probed with antibodies to the following proteins: CDK1 (sc-54), CDK2 (sc-163), CDK4 (sc-260), CDK6 (sc-177), cyclin A (sc-751), cyclin B1 (sc-752), cyclin B2 (sc-22776), cyclin D1 (sc-246), cyclin E (sc-481), p107 (sc-318), p130 (sc-9963 and sc-317), cdc25A (sc-7157), cdc25B (sc-5619), cdc25C (sc-327), p21 (sc-397), p27 (sc-1641), and GM130 (sc-16268) (Santa Cruz Biotechnologies, Santa Cruz, CA), cyclin D2, cyclin D3, p130, ␤-actin (Sigma), pRb (Pharmingen, San Diego, CA), and VZV human serum (generously provided by Ann Arvin, Stanford University). Secondary antibodies conjugated to alkaline phosphatase or horseradish peroxidase were purchased from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA). Alkaline phosphatase secondary antibodies were developed using LumiPhos detection reagent and horseradish peroxidase secondaries using SuperSignal West Dura substrate (Pierce Biotechnology, Rockford, IL) and visualized using Kodak BioMax MR film (Amersham Biosciences, Piscataway, NJ). Quantitative results were obtained by densitometry of the developed film, comparing each band to ␤-actin.
Immunoprecipitation/kinase assays. Using the samples harvested in RIPA buffer, proteins were immunoprecipitated as follows. All lysates were precleared using rabbit immunoglobulin G (IgG) and the appropriate bead conjugate. Lysates were incubated with antibody first (CDK2-or CDK1-protein Aϩ agarose beads; Pierce Biotechnology, Rockford, IL), or antibody was conjugated to the beads (CDK4-ExactaCruz F matrix; Santa Cruz Biotechnology) (cyclin B1-protein Aϩ agarose beads; Pierce Biotechnology) overnight at 4°C. Lysate/antibody complexes or bead/antibody complexes were then combined with beads and lysate, respectively, for 3 hours at room temperature, followed by extensive washing with cold RIPA buffer. Each sample was divided in half, with one aliquot then equilibrated to kinase assay buffer (50 mM Tris [pH 7.5], 10 mM MgCl 2 , 2.5 mM EGTA, 1 mM dithiothreitol, 0.1 mM ATP, 1 Ci [␥-32 P]ATP) and the appropriate substrate (0.5 g pRb fragment [Santa Cruz Biotechnology] for CDK4 and 50 ng histone H1 [Upstate Biotechnology, Lake Placid, NY] for CDK2 and cyclin B1) for 30 minutes at 37°C. The reaction was stopped by the addition of sample buffer, and proteins were boiled off the beads, separated on 10% SDS-PAGE gels, dried, exposed to a phosphorimaging cassette, and analyzed using a PhosphorImager and ImageQuant software (Molecular Dynamics, Sunnyvale, CA). The other aliquot was tested for IP efficiency by boiling all proteins off the beads with sample buffer, followed by immunoblotting on 12% SDS-PAGE gels as described above.
Immunofluorescence microscopy. . DNA was stained with TO-PRO-3 (Molecular Probes, Eugene, OR). Control staining was done using isotype-matched serum in place of primary antibodies, followed by the appropriately conjugated secondary. Images were taken on a Bio-Rad MRC 1024 confocal laser scanning microscope and analyzed using the LaserSharp program.
Images were taken at the same laser intensities and confocal specifications between mock-infected, infected, and control-stained wells.
RESULTS
VZV growth in nondividing HFFs. VZV replication is restricted to human and monkey cells, and many cell lines used to propagate the virus are derived from carcinomas in which the cell cycle is perturbed. Thus, primary HFFs were selected for these studies since they become contact inhibited when grown to confluence, which mimics their quiescent state in the dermis, and their cell cycle machinery is regulated normally. The standard model for VZV replication uses rapidly dividing melanoma cells (MeWo cells), so we had to ensure that VZV could grow to similar titers in confluent HFFs. Replicate cultures of subconfluent MeWo cells or confluent HFFs were infected with a 1:10 (infected:uninfected cells) dilution of VZV rPOka, a low-passage, recombinant isolate of the parental vaccine strain (40) , grown in HFFs. After adsorption for 2 h, a sample was taken to represent the inoculum at day 0, and subsequent samples were collected daily for 1 week. The extent of VZV cell-cell spread was determined by infectious focus assay on MeWo cells because these cells grow quickly and produce large, round plaques. Confluent HFFs were susceptible and permissive for VZV replication, as indicated by logarithmic growth of virus during the first 2 days p.i. (Fig. 1A) . In fact, peak titers were significantly higher (P Ͻ 0.05) in HFFs after 5 and 6 days p.i. than those of virus grown in subconfluent melanoma cells. A focus of VZV-infected cells surrounded by uninfected cells shows the CPE in HFFs: rounded cells, increased refractory index, and an apparent absence of syncytia that is commonly observed with VZV-infected MeWo cells (Fig. 1B) . Contact-inhibited HFFs supported VZV replication to titers equivalent to those of rapidly dividing cells and were used for the remainder of this study.
VZV infection of quiescent HFFs induces cyclin B1 and D3 protein expression. Very little is known about normal CDK and cyclin expression in HFFs, because they are primary cells that have not been studied as intensively as tumor cells. In addition, typical cell synchronization methods, including those involving nocodozole and mimosine, could not be used because the drugs were cytotoxic for HFFs even at very low concentrations (authors' observations). Instead, the timing of the cell cycle and expression patterns of CDKs and cyclins were determined by culturing HFFs to confluence and then diluting the cells into new flasks and fresh medium to induce partially synchronized division. Samples were collected at various times postplating for analysis of DNA content by propidium iodide staining and flow cytometry and for measurement of protein expression by immunoblotting. Four hours after growth induction, 78.7% of the cells were in G 1 phase; 24 h postplating, 11.3% were in S; and 23.7% were in G 2 /M after 28 h ( Fig. 2C and Table 1 ). The cells in these populations were approximately 70% confluent by phase-contrast microscopy at each time point (data not shown). The CDK and cyclin immunoblot profiles of uninfected, cycling HFFs corresponded to the cell cycle profiles obtained by DNA content analysis. Immunoblotting confirmed that HFFs were cycling semisynchronously, as CDK1 and cyclins A and B1 were present 24 and 28 h postplating, which indicates that some cells were in late-S or G 2 phases ( Fig. 2A and B, lanes 1 to 3). The CDK2 antibody distinguished between active and inactive kinase, as it has been shown that a faster-migrating form of this protein is active and the slower-migrating form is inactive (24) , and a faster-migrating band appeared at 24 h (Fig. 2A, lane 2) . Cyclin D3 was present throughout all phases, since expression of this protein is serum dependent and the cells were cultured in media containing 10% FBS. The amounts of total CDK4 and -6 did not change. Cyclin E expression was detected at 4 and 28 h.
When HFF monolayers reach confluence, the cells stop dividing and, as such, should not express cyclins A or B1 or active CDKs. It was not known whether VZV affected the level or activity of these regulatory proteins or caused the cells to enter on October 14, 2017 by guest http://jvi.asm.org/ the cell cycle. Confluent HFFs were infected or mock infected until more than 80% of the infected culture showed CPE, approximately 4 to 5 days p.i., and were harvested for immunoblotting. As expected, mock-infected cultures showed the typical complement of proteins for nondividing cells: cyclin D3 was expressed, but there were negligible amounts of cyclins A, B1, and E; all CDKs were detected, but CDK2 was detected only as the slower-migrating, presumably inactive form. Upon VZV infection, CDK1, CDK2, and cyclin A, B1, and D3 levels increased concurrently, and CDK2 appeared as the fastermigrating, active form ( Fig. 2A and B) . When the immunoblot analysis was repeated with serum-starved cultures (1% FBS), similar increases in cyclin B1 and D3 protein were observed at 5 days p.i. (data not shown), indicating that this was not an artifact of exogenous growth stimulation. There was no difference between mock-infected and VZV-infected HFFs in regard to CDK4, CDK6, or cyclin E protein expression. The aberrant pattern of cyclin expression suggested that VZV-infected cells were progressing through the cell cycle, possibly with a G 2 /M arrest as indicated by the high cyclin B1 protein expression. To determine whether VZV-infected HFFs were duplicating cellular DNA, flow cytometry of propidium iodide-stained cultures was performed. Infected cultures were also stained with an antibody to viral glycoproteins and gated from the surrounding, uninfected cells, which express no viral late proteins. Figure 2C We attempted to study the cell cycle profile in MeWo cells. However, mock-infected MeWo cells expressed high levels of all CDKs and cyclins examined, and there was no significant difference when they were infected with VZV (data not shown). Since this cell type is asynchronously and rapidly dividing and does not cease replication when confluent, it was not an adequate cell type to use to simulate the conditions which VZV encounters in vivo.
VZV-induced increases in CDK and cyclin proteins occur concurrently with VZV replication. Single-step VZV growth curves are not feasible since there is not enough cell-free VZV produced to synchronously infect a cell monolayer at a multiplicity of infection of 1. Because simple kinetics of VZV replication and its influence on cell cycle proteins cannot be done, we attempted to demonstrate a causal relationship between VZV glycoprotein synthesis and cellular protein changes over a period of 3 days. Infected HFFs were stained for VZV glycoproteins and flow cytometry was done to calculate the percentage of the culture expressing VZV proteins. The inoculum resulted in 7.2% of the culture expressing VZV proteins at time zero, as determined by flow cytometry, and increased steadily throughout the experiment to a peak of 68.8% infection by day 3 (Fig. 3 , percentages beneath the VZV glycoprotein panel). Confluent HFFs were either mock-or VZV-infected as described above, and the entire culture was harvested from zero to three days p.i. for immunoblotting for each CDK and cyclin, as well as for VZV glycoproteins and ␤-actin (Fig.  3) . Densitometry of each band was normalized to that of ␤-actin to calculate the approximate amount of protein and was then compared to the mock-infected control at each time point to yield increases (as n-fold of the control); samples were collected in three replicates for statistical analysis, and representative immunoblots for each protein are shown. Cyclin D3 and CDK1 increased as early as 1 day p.i. and peaked at 3 days p.i.; samples from days 4 through 7 p.i. did not show an increase above that of 3 days p.i. for any immunoblot (data not shown). Cyclin B1 increased steadily through 3 days p.i., resulting in a sixfold increase over that of the mock-infected group. Cyclin A also demonstrated a threefold increase over that of the mock-infected control at 3 days p.i. Cyclin E levels remained equal in all samples, with a slight increase by 3 days p.i.; this blot was overexposed to show equal protein in each lane. CDK1 showed significant increases after 1 day p.i. and 3 days p.i., while CDK2 levels remained constant. The increase of CDK1 and the cyclins on day 3 is concurrent with the maximal titers of VZV from confluent HFF cultures (Fig. 1A) . Variability in the cell cycle protein content in the inoculum at day zero is responsible for the variability in average values at that time point. These changes in cell cycle protein concentration correlated with increasing VZV protein synthesis and replication, as indicated by immunoblotting and flow cytometry for VZV glycoproteins.
CDKs are active following VZV infection of nondividing
HFFs. CDKs and cyclins combine to form heterodimers that phosphorylate cellular targets needed for DNA replication and cell division. The increase in cyclin protein expression and the apparent absence of total cellular DNA replication in VZV-infected HFFs raised the question of whether the CDK/cyclin complexes were active. Using samples collected on day 5 p.i., immunoprecipitation/kinase assays were performed to determine whether these kinases were active in VZV-infected cells. Proteins were immunoprecipitated from mock-or VZV-infected HFFs, incubated with the appropriate substrate (histone H1 for CDK2 and cyclin B1, pRb fragment for CDK4) and [␥- (Fig. 4) . Mock-infected samples exhibited CDK2 activity and undetectable CDK4 activity. However, upon infection with VZV, CDK4 phos-
FIG. 3. Kinetics of CDK and cyclin expression in VZV-infected
HFFs. Confluent HFF monolayers were mock inoculated with HFFs or inoculated with VZV-infected HFFs at 1:10 ratios. Cells were harvested 2 h (0 d), 1 day, 2 days, and 3 days p.i. and analyzed by immunoblotting for CDK and cyclin levels. VZV glycoproteins were detected using human serum from a patient with a high VZV titer (courtesy of Ann Arvin, Stanford University) and the percentages of VZV-positive cells by flow cytometry are shown. The average changes (n-fold) in CDK and cyclin levels compared to those in mock infection are shown below each panel and were normalized to ␤-actin. An asterisk indicates a significant difference between VZV-and mockinfected cells at that time point (Student's t test, P Ͻ 0.05). Three separate experiments were performed for densitometry analysis; representative blots are shown. ϩ, VZV positive; Ϫ, VZV negative.
VOL. 80, 2006 VZV INFECTION OF HFFs 5581
on October 14, 2017 by guest http://jvi.asm.org/ phorylated a pRb fragment, and CDK2 kinase activity was sustained. CDK1 activity was also measured, but the results were equivocal due to nonspecific histone H1 kinase activity (which was not CDK activity, since immunoblotting failed to detect CDK protein) that associated with the immunoprecipitation beads in the lysates of VZV-infected cells (data not shown). Instead, we opted to analyze the kinase activity associated with cyclin B1, which is normally partnered with CDK1. HFFs synchronized 28 h postplating were used as a control, as they express cyclin B1 and mock-infected cells do not, and an immunoprecipitation with rabbit IgG was used as a negative control. Kinase activity was present only when cyclin B1 was precipitated from VZV-infected cell lysates, indicating that this protein was associated with an active kinase in infected cells. The absence of cyclin B1-associated kinase activity in the 28-h HFFs is likely due to having missed the brief spike of CDK1 activity at the end of S phase; 28 h postplating is probably late-G 2 /M phase, where cyclin B1-associated kinase activity is inhibited to allow final cell division (37, 41) . CDK6 did not demonstrate pRb-kinase activity using multiple replicates of mock-or VZV-infected HFF lysates and ATP concentrations (data not shown). Immunoblots for CDKs were performed on each immunoprecipitation to ensure that equal amounts of protein were present. Although negligible kinase activity was observed in mock-infected cells, CDK or cyclin B1 protein was detected in each reaction. To rule out nonspecific binding of kinases to the antibodies or beads, rabbit IgG was used in control immunoprecipitations with VZV-infected lysates; there was no nonspecific CDK binding to rabbit IgG or the beads. Thus, VZV infection of quiescent HFFs resulted in sustained CDK2 activity, induced CDK4 activity, absence of CDK6 activity, and activation of histone kinase(s) associated with cyclin B1. VZV-induced cell cycle dysregulation extends to regulators and substrates of CDKs. CDKs and cyclins are regulated by a complex network of activators and inhibitors, all of which could be affected by VZV infection. Moreover, it was not known whether the active CDKs were phosphorylating their typical substrates within infected cells, only that they were active in vitro. To address this question, immunoblots were performed to analyze the levels of CDK inhibitor proteins (CKIs), phosphatases, and substrates. The main CKIs of CDK1 and CDK2 are p21 and p27, and CDK activity can be stimulated by degradation of p21 and p27 (reviewed in reference 38). Immunoblots of p21 and p27 showed no decrease in protein expression between mock-infected and infected cultures, indicating that increased CDK activity was not due to loss of these CKIs (Fig. 5) . To the contrary, p27 levels increased in VZV-infected HFFs compared to mock-infected Confluent HFF monolayers were mock inoculated with HFFs or inoculated with VZV-infected HFFs at 1:10 ratios and then cultured until CPE were greater than 80% (5 days). Cell lysates were collected in RIPA buffer, protein concentration was determined, and equal amounts were immunoprecipitated with the indicated antibodies. Kinase reactions (KA) were performed with assay buffer containing the appropriate substrate (histone H1 for CDK2 and cyclin B1 or a pRb fragment for CDK4 and CDK6) and [␥-32 P]ATP. A parallel aliquot was analyzed by immunoblot (WB) for immunoprecipitation efficiency; in the cyclin B1 immunoblot panel, the arrow indicates cyclin B1 protein while the lower band is the heavy chain of the precipitating antibody. The negative control is an immunoprecipitation with rabbit IgG using VZV-infected lysates. These results are representative of three separate experiments for CDK4 activity, two separate experiments for cyclin B1 and CDK6, and four separate experiments for CDK2 activity. Ab, antibody; Rab, rabbit.
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on October 14, 2017 by guest http://jvi.asm.org/ controls, so CDK activity was not a direct result of CKI degradation. Full CDK activity requires the removal of inhibitory phosphates by the cdc25 family of phosphatases. Cycling HFFs contained cdc25C only at 28 h postplating, consistent with its published activity as a G 2 /M regulator, and no cdc25C was detected in mock-infected or infected cells (Fig. 5, lanes 3 to  5) . Cdc25A was detected at 28 h in the control sample, and it was more abundant in the infected cells than the mock-infected cells (Fig. 5) . Cdc25B was detected in the 4-and 24-h cultures, as well as that of VZV-infected cells.
To determine whether VZV was selectively inducing the expression of cyclins involved in proliferation, we analyzed cyclin B2, a Golgi protein whose expression is independent of the cell cycle. Cyclin B2 protein increased 24 and 28 h postplating, which was expected since the Golgi apparatus increases in size and begins to fragment during this time (45) . However, unlike cyclin B1, cyclin B2 was not expressed at higher levels in the VZV-infected culture than the mock-infected cells (Fig. 5) . These results indicate that cyclin upregulation was not global for all family members.
Because of the increased CDK activity in infected HFF samples, we investigated the primary targets of CDKs. p107 expression was low 4 h postplating, increased by 24 h, and peaked at 28 h, with increasing phosphorylation evidenced by a slower-migrating band (Fig. 5, lanes 1 to 3) . In VZV-infected samples, where CDKs were highly active by in vitro kinase assay, p107 was detected only in the under-phosphorylated form, indicating that it was not a CDK target. It is possible that p107 is phosphorylated in infected cells and then quickly degraded; however, our ability to detect mobility shifts in cycling HFFs indicates that this would not be the case. Similarly, there was no difference in the amount or migration of pRb between mock-infected and infected samples, indicating that it was not phosphorylated by CDKs present in VZV-infected cells (Fig.  5) . The third pRb family member, p130, could not be detected in any samples, whether extracted with RIPA or sample buffer, using commercially available antibodies (data not shown). GM130, a Golgi protein that is a substrate of CDK1, showed no difference in expression or mobility between mock-or VZV-infected cultures (Fig. 5) . Thus, the high CDK activity found in VZV-infected HFFs by kinase assay was not directed toward the expected cellular substrates and could not be directly attributed to alterations in the proximal regulators (CKIs) but could be a result of increased cdc25A and B phosphatase expression.
Cyclins D3 and B1 are present in infected plaques. In order to confirm that expression of cyclins B1 and D3 was limited to areas of viral infection and to investigate subcellular localization, indirect immunofluorescence confocal microscopy was performed. In mock-infected confluent monolayers of HFFs, cyclin B1 was detected in a small number of cells (Fig. 6A to  D) . Where cyclin B1 (shown in red) was cytoplasmic (Fig. 6D , arrow), these cells were presumably arrested in G 2 /M phase. Where cyclin B1 was in the nuclei of rounded cells (magenta), they were in S/G 2 phase and undergoing cell division after settling upon the monolayer (Fig. 6D, arrowhead) . Thus, cyclin B1 was detected in scattered HFFs. In contrast, cyclin B1 expression was concentrated in and around VZV plaques and showed both cytoplasmic and nuclear localization (Fig. 6E to H). Cells with cytoplasmic cyclin B1 (red) were found within VZV plaques, surrounding the plaques, and also in uninfected areas (arrow). Similarly, there were cells that synthesized IE62, a VZV immediate-early protein, but no cyclin B1 was present (cells with green and blue only, arrowhead). However, toward the center of the plaque, cyclin B1, IE62, and DNA (blue) colocalized, appearing as white in the merge panel (Fig. 6H ). Indeed, all three possible dual combinations of protein colocalization were observed: IE62 with cyclin B1 in the cytoplasm (yellow), IE62 with DNA (teal), and cyclin B1 with DNA (magenta). Unlike cyclin B1, cyclin D3 was not detectable in mockinfected HFF monolayers by microscopy (data not shown). However, cyclin D3 expression noticeably increased in infected cells and was limited to the nuclei of VZV-infected cells (Fig.  6I to L) . This was indicated by white areas in the merged images where cyclin D3 (red) and IE62 (green) colocalized with DNA (blue). Colocalization in the cytoplasm, indicated in yellow, was nearly absent. IE62 expression preceded cyclin D3, since the VZV protein appeared as punctate nuclear spots in cells at the edges of the plaques where no cyclin D3 was detectable (arrows). In contrast to cyclin B1, which was expressed in the absence of IE62 in some cells, cyclin D3 was not detected in cells that did not express IE62. This suggests that cyclin D3 overexpression depended on VZV infection.
DISCUSSION
The main finding of this study is that VZV infection of quiescent HFFs results in dysregulated cyclin expression and CDK activity. This supports the contention that herpesviruses selectively alter cell cycle proteins to create an environment that allows viral genome replication while cellular DNA synthesis is hindered. Resting cells typically have low CDK activity whereas herpesviruses appear to need higher levels of CDK activity, since pharmacological CDK inhibitors block viral replication (10, 50, 51) . By using quiescent, contact-inhibited HFFs as a model system, we have shown that host cells do not need to be actively dividing to accommodate VZV replication, nor does VZV replicate to higher titers in dividing cell types (Fig. 1A) .
The DNA content of infected cells remained at 2N, indicating a G 1 /S state, while the profile of CDKs and cyclins was atypical. CDKs 2 and 4 and a cyclin B1-associated kinase are active simultaneously, as indicated by in vitro kinase assays (Fig. 4) . Uninfected, cycling HFFs followed predictable patterns of cyclin production and destruction, with cyclin E present early in the cell cycle and cyclin A and B1 upregulated later (Fig. 2B) . In contrast, VZV-infected HFFs demonstrated sustained increases in cyclins A, B1, and D3 that corresponded with virus spread through the cell monolayer (Fig. 3) . This suggests that VZV specifically upregulates these proteins for its own replication. The induction of cell cycle proteins cannot be attributed to cells surrounding the plaque dividing to fill the gaps, since VZV-infected cells do not begin to lift off the cell culture surface until at least 7 days p.i. (authors' observations). Moreover, cells in the infected cultures were not entering G 2 phase, since neither the VZV-negative nor the VZV-positive cells showed an increase in the 4N population by flow cytometry. This evidence suggests that cells surrounding VZV plaques are not entering or completing S phase. Finally, VZV does not induce apoptosis in infected confluent HFFs, as demonstrated by the absence of a significant sub-G 1 peak that would indicate DNA fragmentation and the lack of condensed chromatin by 4Ј,6Ј-diamidino-2-phenylindole (DAPI) staining (authors' observations). In addition, the G 1 peak of infected cells is wider than that of the surrounding, uninfected cells. This could be a result of the 125-kb VZV DNA genome replicating within these cells and being labeled with PI; each infected cell contains more total DNA than do mock-infected controls, with the possibility of thousands of VZV genomes in a single cell. This could either be the result of cells with different numbers of VZV genomes or the infected cells entering early S phase and replicating cellular DNA. Flow cytometry and PI staining are unable to distinguish between cellular and viral DNA, so this question remains unanswered.
The atypical expression of cyclins A, B1, and D3 in VZVinfected HFFs was also reflected in unusual patterns of CDK and histone H1 kinase activity. The kinase activity associated with cyclin B1 was taken as a correlate of CDK1 activity because CDK1 activity could not be measured directly. What is striking is that active forms of CDK1 and CDK2 would be present simultaneously in VZV-infected cells. There is no point in the normal cell cycle where CDK1 and CDK2 are active at the same time, as this would perturb the sequential phosphorylation of substrates that govern DNA synthesis and mitosis, respectively, and could cause aneuploidy and reduplication of the genome. This did not seem to occur in infected cells, since the DNA content remained at 2N, indicating a G 0 /G 1 state (Fig. 2C) . Although there is some similarity in DNA profiles between HFFs in S phase (24 h postplating) and VZV-infected HFFs after 5 days p.i. (Fig. 2C) , this would not explain the high cyclin B1 levels. Cyclin B1 should only be expressed after the cellular genome has been replicated, in early G 2 phase, and there is no significant increase in the percentage of cells with 4N DNA content, an indicator of G 2 /M phase.
Because cell-free VZV is a misnomer (culture supernatants contain negligible intact virions, and lysing cells merely reduces infectivity), it is not feasible to synchronously infect HFF monolayers to determine the earliest changes in cell cycle proteins. Despite this limitation, we were able to show that increased production of VZV proteins corresponded with upregulation of cyclins A, B1, and D3 (Fig. 3) . Interestingly, peak cyclin and CDK protein production were observed 3 days p.i., which correlated with peak infectious virus production (Fig.  1A) . Using phosphonoacetic acid to inhibit the viral polymerase and block late gene expression and all kinetics downstream, infected HFFs did not express cyclin B1, indicating that upregulation is a late event that occurs after viral DNA synthesis, whereas cyclin D3 expression was increased even with phosphonoacetic acid treatment (data not shown).
Contrary to our initial speculation, increased CDK activity in VZV-infected cells is not a result of decreased expression of the CKIs p21 and p27. In fact, infected cultures showed a reproducible increase in p27 compared to mock-infected cultures (Fig. 5) . It has been postulated that p27 can, in addition to being a CKI, act as an adaptor protein for bringing together CDKs and their partner cyclins, increasing the probability of binding and consequent activity (12, 43) . The elevated CDK activity found in VZV-infected cells in the presence of p21 and p27 lends credence to this idea. Alternatively, the CKIs may not be located near the CDK-cyclin complexes in infected cells. In support of the latter hypothesis, confocal microscopy demonstrated that p27 is cytoplasmic in infected cells, whereas in mock-infected cells it is nuclear (data not shown). This may explain its failure to inhibit CDKs, since nuclear CKIs are inhibitory (12, 14, 33) .
Cyclins B1 and D3 increased more than other cell cycle proteins following VZV infection, and so their localization was examined by confocal immunofluorescence microscopy. Cyclin D3 was present in infected cell nuclei and apparently came after IE62 translation, as we observed cells with IE62 alone but saw cyclin D3 only in cells with IE62. The situation is slightly different for cyclin B1, in that its expression was not uniform across VZV-infected cultures. Some cells expressed cyclin B1 in the cytoplasm, and rare cells expressed condensed chromatin and nuclear cyclin B1. We speculate that uninfected cells expressing cyclin B1 around VZV plaques were present in the initial inoculum and settled into the monolayer and either completed one round of replication or became arrested in G 2 /M phase. The flow cytometry results support this, since both mock-and VZV-infected cultures exhibit a small population of cells with 4N DNA content. However, within VZV plaques cyclin B1 was found in both the nucleus and cytoplasm of some, but not all, infected cells. There were also areas where IE62 protein was present and cyclin B1 was not. Therefore, cyclin B1 protein expression was not required before IE62 transcription and translation or for translocation of IE62 out of the nucleus. Colocalization of cyclin B1 and IE62 was most prominent in the middle of the plaque, where the cells were infected first and were assembling viral progeny for the longest period. Supporting this concept, cyclin B1 and B2 are normally most active in G 2 /M phase when they are responsible for disassembling the nuclear envelope and the Golgi apparatus, respectively (18), although cyclin B2 was not overexpressed in VZV-infected cells. In cycling HFFs, cyclin B2 protein levels increased during G 2 /M, when the Golgi apparatus must be divided between two daughter cells. This is further evidence that the virus does not induce general cyclin synthesis.
One function of CDK1/cyclin B1 is to break down the nuclear envelope in preparation for mitosis, yet this does not appear to occur in VZV-infected cells, suggesting that the cyclin B1 complex is redirected for different purposes, similar to the alterations in CDK4/cyclin D3. Capsids of VZV and other herpesviruses must penetrate the network of lamins to access the inner nuclear membrane, and this aspect of nuclear egress has become an important area of research. It has recently been shown that HSV infection of Hep-2 cells (an epithelial cell line) results in phosphorylation of lamin B, a nuclear membrane component (42) . The authors demonstrated a connection between protein kinase C and lamin B phosphorylation that was partially reduced by a chemical inhibitor. This indicates that other kinases may work in concert with protein kinase C activity, including CDKs (15, 39) . However, since cyclin B1 was predominantly cytoplasmic in VZV-infected HFFs, we are currently investigating whether cyclin B1 is present in the Golgi, where glycoproteins and IE62 are packaged into the virion tegument. Additional evidence that CDK1/ cyclin B may have a role in virus assembly is that gI, located on Golgi and plasma membranes in infected cells, is phosphorylated by CDK1 in vitro and that this reaction is inhibited by roscovitine (57) .
Other herpesviruses have previously been shown to subvert the cell cycle by inducing the production of cell cycle proteins out of order. HCMV causes the translocation of CDK2 from the cytoplasm to the nucleus in human fibroblasts and directly induces cyclin E transcription, resulting in an increase in cyclin E protein (8, 9) . In addition, CDK2 was active in cells infected with HCMV, and this activity was inhibited by roscovitine, which also inhibited viral DNA synthesis (10) . This demonstrates an important role for CDKs in HCMV replication. Like VZV, HCMV also increases cyclin B1 and cyclin A protein levels and induces CDK2 and CDK1 kinase activity while CDK2 and CDK1 protein levels remain steady (27) . The result of these studies is a growing consensus that HCMV infection of human fibroblasts results in a G 1 /S-phase arrest, allowing for viral replication while blocking competing cellular replication (11, 16, 53) .
HSV-1 has been extensively studied in regard to its effects on host cell cycle proteins, although the use of cells other than fibroblasts makes comparisons to this work more difficult. The pocket protein p130 has been shown to be required for wildtype kinetics of viral replication using knockout murine cells, with deletion of the gene resulting in significantly decreased viral titers and delayed immediate-early and early gene products (20) . Cyclins A and B and CDK1 protein were all downregulated in HSV-1 infected HeLa cells, but CDK1-associated kinase activity increased (2) . It has been hypothesized that activation of CDK1 results from an interaction with the viral U L 42 protein and that this activity is used to recruit topoisomerase II␣ for late gene expression (3, 4) .
The specific functions of CDKs in VZV's life cycle, and in those of other herpesviruses, is unknown. The purpose of CDK activity may be to regulate cell functions that are important for viral replication by targeting host cell proteins or to phosphorylate viral proteins directly. One possible role for CDKs is stimulation of viral gene transcription through the function of CDK7 and CDK9 in the RNA polymerase II complex (19) . It has also been shown that CDK1 can bind U L 42 in HSV-1 infected cells and phosphorylate it, implicating cellular kinases in the regulation of viral proteins (3). However, Davido et al. showed that roscovitine can inhibit ICP0 transactivating abilities without affecting its phosphorylation, suggesting that CDK phosphorylation of viral substrates is not the only way that HSV-1 requires CDK activity (13) . These possible CDK functions are supported by the findings that CDK inhibitors prevent replication of VZV and all other herpesviruses tested (10, 50, 51) . This suggests an important role for CDKs, probably at multiple stages of the viral life cycle. This virally infected cell state sets a conundrum: how to separate DNA synthesis from the protein profile of the cell. Although CDKs are active in VZV-infected HFFs, putative substrates such as pRb family members are not phosphorylated, CKIs are abundant, and there does not seem to be cellular DNA synthesis. There are several possible explanations for this paradox: (i) This could be a result of a biochemically altered state, in that CDK activity in infected cells is different from CDK activity in cycling cells and substrate recognition is altered; (ii) VZV might biochemically alter cellular substrates to prevent binding to CDKs; (iii) phosphorylated substrates could be quickly degraded; or, most probably, (iv) CDK activity is being targeted to different cellular or viral components or subcellular locations. We are currently testing these possibilities, and early experiments indicate that at least one VZV protein is phosphorylated by CDKs (authors' observations). It will also be important to determine whether VZV activates transcription of cyclin genes, and, more specifically, how it may block origin firing and cellular DNA synthesis in the presence of positive regulators. In conclusion, we have shown how infection of a nondividing fibroblast monolayer by VZV affects cell cycle proteins, as well as demonstrating an apparent divergence of cellular DNA synthesis and the protein composition of a cell.
